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~ 1 A RESEARCHI PROSRAN FOR THE THEORETICAL STUDY
OF THE THERMODYNAMIC AND TRANSPORT PROPERTIES OF DENSE PLASMAS:

FINAL REPORT*

F. J. Rogers, H. E. DeWitt, and D. B. Boercker
University of California, Lawrence Livermore National Labortory

Livermore, California 94550

I. INTRODUCTION

a - 4Over the past five years, we have pursued a program of theoretical
research, partially funded by the Office of Naval Research, on the Equation
of State (EOS) and transport properties of dense, partially ionized, react-
ing plasmas. Although originally motivated by the failure of older, simpler
theories1'2 to describe plasmas produced in new, Innovative power sources,3

this program developed into a far-ranging, multi-faceted study of the basic
properties of such complicated systems. Our research efforts, nevertheless,
can be divided into three basic categories: 1) Theory of Equation of State
and Static Structure; 2) Electrical Conductivity and Dynamic Properties, and
3) Computer Simulation Studies. While these categories are fairly well do- a

fined, they are very closely related, and results from each Impact on results
from the others. Since all of the most significant results have already
appeared in published form, the progress made in each of these areas is
described only briefly in the following paragraphs. More detailed descript-
Ions can be found in the referenes listed, by year of publication, in
Section III of this report.

_k '~ under the auspices of the U.S. Department of Energ by
Laurence Livermor Netilonal Laboatery ~ne contract 6V-740641g486 and
spote In part by too Office of Novel pleuarche
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11. NAJOR ACCONPLISHENTS,

A. Theory of Equation of State and Static Structure

A significant part of our work for ONR involved the development of a

fundamntal theory of the ionization balance and equation of state of dense,

reacting plasmas. Under OUR funding, we were able to extend earlier work on
hydrogen and helium to include heavier elements[81a,b]. A detailed tabular

EOS (with a polynomial fit provided) was constructed for argon(80aJ. Similar,
but less detailed, calculations were also carried out for hydrogen, helium,
and xenon[83a]. Particular emhasis was placed on the rare gases, because3
they were anticipated to be the working fluids in the ARTEC MNlD power

generator. 3

toTo facilitate these calculations we had to develop effective potentials
tdescribe the interactions between free electrons and Ions with up to

fifty-five bound electrons. The model we constructed Is mathematically
simple, but it still retains the shell structure of the ions[81c].

* Another important feature of dense plasmas that we studied was their
equilibrium static structure. This is most easily described in terms of the

static structure (or form) factors of the plasma. These functions are related
to the Fourier transform of the pair distribution function, which gives the

weakly coupled plasmas the pair correlations ame well described by the i
Oeby*-Mackel theory,4 but for dews plasmas, other methods must be used.

Mogthe most Successful of these is an iater a1 equation approximation,
know as the Rnwprfitted Chain(HSC) Equation. This eqution has been used
to described the classical oee-caoneot plasm., and moltein salts at moderate
complingab,C]. For very Stromg Ceupling, hoWeVer, the USC equation must be
imprsved. We have succeeded i* doin this by bleeding the NNC equation with
another inegal equation, called the Percu-fevick equation, In a
the udynically consistent way. The bleaMe i1~41a equation gives the
accuraY of Wei i96M1V@ csqot sitlattn ad Is eA n difficult to
wilve than too WC 40"WtOW(bcJ.
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For real Plain&$ Consisting of electrons Interacting with ions through an
attractive Coulomb potential, direct application of these classical Integral
equation techniques is impossible, because quantum mechanics is required to
prevent the collapse of the system. However, if the density is not too great,
the essential quantum mechanics can be incorporated into a pseudopotential
which is finite at infinitesimal distances, but behaves like the Coulomb
potential at large distances. Using results from our equation of state
theory, we have found a suitable method for determining these numerical
pseudopotentials from our analytic effective potentials described above.
Having accomplished this, we can use the pseudopotentials in the MUC equation
to obtain both the static structure and the equation of state properties of
real plasmas from the same theory(84a,d]. 4L

8. Electrical Conductivity and Dynamic Properties

Our first major success in this area was the calculation of the
electrical conductivities of argon and xenon plasmas using a Chapman-Enskog
solution6 to the Gould, Williams, DeWitt(QIO) kinetic equation.7 These
calculations correted two of the important shortcomings of the usual
Spitzer-type theories. First, the relevant statically screened cross sections
were calculated from their correct quantum expression. Second, scattering
from the electronic shells of the Ions and from neutrals was included through
the use of analytic effective potentials developed as part of this
OUR-sponsored program. These two corrections greatly improved the agreement
with Soviet experiments in moderately-coupled, partially Ionized
plawas(Old]. Dynailc screening effects were also studied in the context of 1
the 06 kinetic equation(Sle], but the results for systems with Important
short-ranme contributions to the potential were not as accurate as the ZMan
formula8 or the simple, statically scred results(82a].

We have also studied the relationship between the Zimane aMd O
theories of conductivity, ano we showed that these apparently differn
approaches cam be ataind from a single, watt led approach band so the
O'eem-Kobo theory9 for the electrical cenduttivity. The met result of this
new approech Is a silel empressies for the e*ctom4es collislon freguecy
which elpend oftly 00 the "kti struture factors for tae plems~in). for



wetdensities, this theory gives improved agreement over the theory of

Spitzer for available experiments on hydrogen plasmas and it also gives good
agreement with molecular dynamics simlations of strong ly-coup led plasias[82c].

The new theory described above had the additional advantage that it could

be extended to non-zero frequencies to study the conductivity as a function of
frequency. Once again, comparison with molecular dynamics results for
frequencies below about half the plasma frequency gave excellent agreement.'1- Extending the calculations beyond the plasma frequency, predicted a
substantial reduction of the plasma emissivity by short-range
correlations(83b].

Our interest in dynamic conductivities required a study of the more

general dynamic strucure properties of plasmas. A comparison of several model

kinetic equations for the dynamic structure factors has shown that the theory
Linnebur and Ouderstadt 10 accurately describes the electron peak in the

charge-charge structure factor generated in simulation studiesfs3c]

C. Computer Simulation Studies

We have con duc ted very detailed and extensive numnerical simulation
studies of the therumtynic properties of strongly coupled plasmas. In this
work, the Monte Carlo method11 was used to coqiute statistical averages over

hundreds of thousands of configurations for several hundred ions In thermo-
dynamic equilibrium. The problems we studied Included: 1) the classical one
component plagsa (OCP), consisting of point ions in a uniform background;I
2) Ionic mixtures; 3) point Ions In a polarizable background, and 4) the

evaluation oft the Ion microfield distribution for each of the previous thre
system.

Far the WC, we We" able, to obtaina ebst estimeto, to daoe, of
ltquid-souid phase tnftIiti@a(StdJ. ad we ebtfed wry accurate mwults for
the pair gistrjhutles ftti~p~ Ud stmrucur facts's. Theme 1ate~ results
were wry terantal to our stU* of Us OMWndd lt~egnt opWat
proeimlyi desitoe. Fem ow weft en look sistwu *a we .,tlsu 4 slople
- uade o i*xing rie for MOSUtoIR the 10 of a miture fren th



properties of the indvidual components[84e]. In order to model more realistic
systems, we used linear response theory to model the electrons as a
polarizable background which screened the ion-ion interactions, and applied
this model both to one-component systems and to tonic mixtures(63d].

The observation of spectral lines emitted from plasmas yields important
information about the sate of the plasma. As a consequence, we modified our
simulation codes to calculate the central ingredient to most theories of
plasma line broadening, the distribution of electric microfields around a
radiating Ion. Our calculations provided the benchmark checks for a new and
very efficient theory for the microfield called APEX.12 This new theory
accurately describes the microfield distributions in all three of the plasma
models described above[84f).

111. References to ONR Sponsored Research

In this section we list the work we published under ONR sponsorship from
1980 to 1964 by year of publication. These include 14 articles in refereed
journals, 4 internal reports, and 2 Invited papers.

1980

a. OEquation of State for Self -Excited MO Generator Studies*, F. J. Rogers,
N. Ross, B. L. Maggin. and L.. K. W"n, LLNt. Report, UCI0-l8557, Feb.,

b. Inipiove Equation of State for the Classical Ome-Component Plasma" W.
L. Slattery. 6. 0. Doolen, and Nt. E. DWitt, Phys. Rev. A 21, 2067 11980).

c. "A HOC Study of As itcally Charged hard Spheres, F. J. Rogers,
J. Chem. M"y. 73, 6272 (190b).

A. Eqmetiem of State of Douge Partially eeeae Reacting PLases,4
F. J. Maers, Phfs. Re. A 24, 1531 (1361).

b. Carso of I'm Iqut-4tate Nodels for Partially Ionized
Aime s) deich Nd Reiser's NOWdel rses the Activity Expeusion
Cede. A. J. Narac* arnd F. I. Roges., 4. App1. POW& s. MR 59 (1361).

C. W~utytic Iftstrea-In Efectiv 1WP ttials for Z i.F. J. Naes
Pfts. Rev. A 2M IMU (131).
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d. NElectrical Conductivity of Dense Plasmas', F. J. Rogers, H. E. DeWitt,

and 0. B. Boercker, Phys. Lett. 82A, 331 (1981).

*. NDynamic Screening Effects on Electrical Conductivity in Dense Plasmasm,
D. B. Boercker, F. J. Rogers, and H. E. DeWitt, LLNL Report,
UCID-18574-81-2, Sep., 1981.

1982

a. ODynamic Screening of Electron-Ion Collisions", F. J. Rogers and 0. B.
Boercker, Bull. Amer. Phys. Soc. 27, 1105. (1982).

b. "Electron Collision Frequency in Plasilasm, 0. 8. Soercer, F. J. Rogers,
and H. E. De~Iitt, Phys. Rev. A 25, 1623 (1982).

c. OElectrical Conductivity of Hydrogen Plasmas%, D. B. Boercker, LLNL
Report, UCID-18574-81-4, Mar., 1982.

d. ON-Dependence in the Classical One-Component Plasma Monte Carlo
Calculation% W. L. Slattery, G. D. Doolen, and H. E. DeWitt, Phys. Rev.
A 26, 2255 (1982).

1983

a. "Ionization Equilibrium and Equation of State in the Solar Interior",
F. J. Rogers, Proceedings of the Conference on Solar Seismology From
Space, Aug 17-18, 1983.

b. uFrequency-Dependent Electrical Conducivity of Strongly-Coupled Plasmas",
D. B. Boercker, ILLL Report, UCI-18574-83-2, Dec., 1983.

c. D0yninic Structure Factors in Two-Component Plesmasu, R. Cauble and D. B.
ftercker. Pttys. Rev. A 28, 944 (1983).

d. NSome Approximate icrofield Distributions for Highly Ionized Plasmas: A
Critique", C. A. IgIesias, C. F. Hooper, Jr., and H. E. DeWitt, Phys.
Rev. A28, 361(18)

~19"

a. *Integral Equation Method for Partially-Ionized PlasmasO, F. J. Rogers,
Phys. Rev. A 29, 8 (1984).

b. OMew, Thermodynamically Consistent Integral Equation for Simple Fluids%
F. J. Rogers and 0. A. Young Phys. Rev. A 30, 999 (1984).

c. OA New, Accurate Statistical Mechanical Theory for Simple Fluids', F. J.
Rogers and 0. A. Ymoug Ph~s. Lett. I02A, 303 (1964).

d. OStatistical Nehanics of Dean Plamas and Implications for the Plasma
Plaitatiee Shiftf, F. J. Begers, In Proceedings of the Sieventh
International CeWereunce so Spetral Lire Shaes, Aussots, France, 1984

(Ipveu).
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e. *Statistical Mechanics of Light Elements at High Pressure VII: A
Perturbative Free Energy for Arbitrary Mixtures of H and He", W. B.
Hubbard and H. E. DeWiltt (to appear in Ap. J.).

f. "Low-Frequency Electric Microfield Distributions in Plasmas", C. A.
Iglesias, H. E. DeWitt, J. L. Lebowitz, and D. Nac~owan, (to appear in
Phys. Rev. A).
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